Background. Pauci-bacillary pulmonary tuberculosis (TB) can be delayed to diagnose and start anti-TB therapy, especially in immunocompromised patients. We therefore evaluated the clinical and radiologic features of these delayed cases.
Delayed diagnosis and treatment of tuberculosis (TB) may lead to transmission of TB and increase the severity, morbidity, and mortality of the disease [1] . For these reasons, early diagnosis and prompt effective therapy form the key elements of TB control programs [2] . Identification of Mycobacterium tuberculosis in respiratory specimens by microbiological culture is the gold standard for establishing a diagnosis of pulmonary TB, but it usually takes 2-8 weeks to acquire positive results for mycobacterial culture [3] . Therefore, clinicians usually start anti-TB therapy, with appropriate isolation, based on clinical manifestations, acidfast bacilli (AFB) smear microscopy, rapid molecular tests (such as M. tuberculosis polymerase chain reaction [PCR] and Xpert TB/RIF), and radiographic features, before the results of mycobacterial culture are available. However, the sensitivity of AFB smear microscopy is only 34%-80% [4] , and although the rapid molecular tests are more sensitive for diagnosing pulmonary TB, they still have limited sensitivity in pauci-bacillary pulmonary TB patients [5, 6] . Moreover, because the clinical manifestations and radiologic features of pulmonary TB are affected by the host immune response to M. tuberculosis and are variable, especially in immunocompromised hosts, it is difficult to diagnose pulmonary TB in immunocompromised patients [7] [8] [9] .
Therefore, pauci-bacillary pulmonary TB in immunocompromised patients can lead to delayed diagnosis and treatment and to transmission to other immunocompromised patients. Furthermore, such patients have atypical symptoms and radiologic findings, so clinicians can miss the pulmonary TB until the results of microbiological culture are available [10] [11] [12] [13] [14] [15] .
We therefore evaluated the clinical characteristics and radiologic findings of immunocompromised patients who received delayed diagnosis and treatment of pauci-bacillary pulmonary TB in an intermediate-TB burden country.
METHODS

Study Population
This retrospective study was performed at the Asan Medical Center, a 2700-bed tertiary care teaching hospital in Seoul, South Korea, an intermediate-TB burden country (annual TB incidence in 2016, 63.2 per 100 000 population) [16] . All immunocompromised adult patients (aged ≥18 years) with pauci-bacillary TB were retrospectively enrolled from January 2012 to December 2016. We excluded extrapulmonary TB because we wished to focus on the clinical features and chest computed tomography (CT) findings in cases of delayed diagnosis and treatment of pauci-bacillary pulmonary TB. We also excluded patients who were not followed up after their first sputum AFB examination and patients who were transferred from other hospitals with positive results of AFB smear microscopy at those hospitals ( Figure 1 ). Immunocompetent patients and those with smear-positive TB, who are less likely to be missed TB patients, were excluded from the analysis. The study protocol was approved by the Institutional Review Board of our hospital. Informed consent was waived because of the retrospective nature of this study.
Study Design and Definitions
Pauci-bacillary pulmonary TB was defined as pulmonary TB with negative AFB smear results and positive M. tuberculosis culture results from respiratory specimens. Immunocompromised patients were defined as patients with predisposing factors for TB, such as HIV infection, malignancy, liver cirrhosis, chronic renal failure, and transplantation status, or receipt of immunosuppressive treatment [10] [11] [12] [13] [14] [15] . We defined "missed TB" patients as those who started anti-TB therapy after positive mycobacterial culture results were obtained and "not-missed TB" patients as those who started the therapy before obtaining the final mycobacterial culture results. In our hospital, we used both liquid and solid media for mycobacterial culture. Diagnostic delay was defined as the interval from mycobacterial test to initiation of anti-TB therapy. We defined "mycobacterial test" as the first AFB examination of respiratory specimens with positive results of mycobacterial culture. We compared the clinical characteristics and radiologic features of the "missed TB" group and the "not-missed TB" group. We also analyzed the working diagnoses of the patients in the missed TB group before the final diagnoses of pulmonary TB. We investigated the impact of empirical antibiotics exposure before diagnosing pulmonary TB. To select patients who were likely to have been exposed to antibiotics with substantial anti-TB activities when they had active TB, we chose the period of antibiotics exposure to be between 4 weeks before the date of mycobacterial tests with positive results and the date of initiation of anti-TB medication, as described in our previous study [17] . And we categorized long-term fluoroquinolone (FQ; at least 7 days' exposure to FQ), short-term FQ (less than 7 days' exposure to FQ), non-FQ (exposure to antibiotics other than FQ), and no empirical antibiotic use.
CT Evaluation
Two independent experienced radiologists (M.Y.K. and J.C.) who were unaware of the patients' clinical characteristics and diagnoses reviewed the initial chest CT images from symptom onset. Final decisions were made by consensus. All images were viewed on the mediastinal (width, 450 HU; level, 50 HU) and lung window (width, 1500 HU; level, -700 HU) settings of the axial image on a picture archiving and communication system (PACS). We used a glossary of CT imaging definitions to categorize pulmonary lesions [18] . Classifications of radiological patterns were as follows: centrilobular nodules with or without tree-inbud appearance, bronchial wall thickening (or bronchiolar), macronodule, mass, airspace consolidation, ground-glass opacity, miliary nodules, lymphadenopathy, pleural effusion, and previous TB sequelae without activity. Centrilobular nodules were defined as small dot-like opacities in the center of a normal secondary pulmonary lobule. Tree-in-bud appearance was defined as clustered 2-4-mm nodular and linear branching centrilobular opacities with a lobular or segmented distribution. A macronodule was defined as a focal opacity with a diameter of >1 cm and ≤3 cm, and a mass was defined as an opacity >3 cm in diameter. Consolidation was defined as any exudate or other product of disease that replaced alveolar air, rendering the lung solid. Miliary nodules were defined as profuse, tiny, discrete, rounded pulmonary opacities (<3 mm in diameter) that were generally uniform in size and diffusely distributed throughout the lungs. A ground-glass opacity was defined as a hazy increased lung opacity with preserved margins of bronchioles and vessels [18] .
Statistical Analysis
Categorical variables were compared using the χ 2 or Fisher exact test, as appropriate, and continuous variables were compared using the Student t test or the Mann-Whitney U test, as appropriate. Risk factors associated with missed TB were investigated in univariate and multivariate analysis using logistic regression models. The final multivariate model was based on both the univariate analysis and the clinical relevance of potential risk factors. We included variables with P ≤ .20 in the final multivariate model. In addition, we also included clinically important risk factors, such as solid organ transplant, despite their having nonsignificant P values in univariate analysis. All tests of significance were 2-tailed, and a P value of less than .05 was considered statistically significant. Calculations were performed using SPSS for Windows, version 21K (SPSS Inc, Chicago, IL).
RESULTS
Patient Characteristics
During the study period, a total of 339 immunocompromised patients with pauci-bacillary TB were enrolled. Of these patients, 52 with extrapulmonary TB were excluded. Of the remaining 287 patients, 29 who were not followed up after their first sputum AFB examination (n = 23), or who had positive results of AFB smear microscopy in another hospital (n = 6), were also excluded. Finally, a total of 258 immunocompromised patients with pauci-bacillary pulmonary TB were analyzed. Of these patients, 134 (52%) were classified in the missed TB group, and the remaining 124 (48%) in the not-missed TB group ( Figure 1 ). Of 106 rapid molecular test results, including M. tuberculosis PCR and/or Xpert TB/RIF, in the 124 patients with not-missed TB, 54 (51%) gave positive results, whereas all 60 molecular test results in the 134 patients with missed TB gave negative results ( Figure 1 ). In addition, 13 (10%) of 134 patients in the missed TB group and 23 (19%) of 124 patients in the not-missed TB group underwent IFN-gamma releasing assay (IGRA), respectively (P = .04). Positive IGRA results were significantly lower in the missed TB group than in the not-missed TB group (Table 1) . The baseline characteristics and clinical outcomes of all patients are shown in Table 1 (Figure 2 ). Patients in the missed TB group were also older (66.0 vs 60.5; P = .003). Abnormal images in chest radiography were the most common initial manifestations in both groups, and initial clinical symptoms, such as cough or sputum and weight loss, were similar in the 2 groups. Solid tumors (76% vs 56%; P < .001) and receipt of cytotoxic chemotherapy within 1 month (22% vs 12%; P = .03) were more common in the missed TB group. We analyzed FQ use including long-term FQ and short-term FQ, and non-FQ antibiotics including carbapenem and linezolid between the 2 groups (Table 1) . Long-term FQ use was significantly higher in the missed TB group than in the not-missed TB group (P = .02), whereas carbapenem was significantly lower in the missed TB group than in the not-missed TB group (P = .048). There was no statistically significant difference between the groups in terms of other underlying diseases or conditions, and all-cause 30-day mortality was similar (6% vs 6%; P = .87) ( Table 1) . The working diagnoses before pulmonary TB was identified are shown in Table 2 . In the missed TB group, the most common working diagnoses were pneumonia (46 patients, 34%) ( Figure  3 ) and lung metastasis of malignancy (40 patients, 30%) ( Figure  4) . Figures 3 and 4 show some of the CT images of patients with missed TB with atypical radiologic features of TB. Other cases were misdiagnosed with nontuberculous mycobacterium infection, inactive TB, or inflammatory lesions.
CT Features of Missed TB and Not-Missed TB in Immunocompromised Patients
Of the 258 immunocompromised patients with pauci-bacillary pulmonary TB, 230 underwent chest CT scan at the time of symptom or sign onset. We compared the CT findings of 111 (83%) of 134 missed TB patients and 119 (96%) of 124 notmissed TB patients ( Table 3) .
The dominant affected lobes of the lung were less frequently the upper lobes in the missed TB group than in the not-missed group (62% vs 71%; P = .02). Centrilobular nodules with treein-bud appearance (Supplementary Figures 1A-C, 2B ), which is a typical finding of pulmonary TB, were also less common in the missed TB group (40% vs 66%; P < .001). Other less common findings in the missed TB group were macronodules (>1 cm and <3 cm) with and without cavities (P = .04 and P = .02, respectively) (Supplementary Figures 1A, 2A, B) , masses (P = .04) (Supplementary Figure 3A) , airspace consolidations with necrotic lower attenuations (P = .006) (Supplementary Figure  4A) , miliary nodules (P = .02) (Supplementary Figure 4B) , lymphadenopathy with and without necrosis (P < .001 or P = .009, respectively), and pleural effusion (P < .001).
Risk Factors Associated With Missed TB
The risk factors associated with missed TB are shown in Table 4 . In univariate analysis, they were old age, solid tumor, and cytotoxic chemotherapy within 1 month ( (Table 4) .
DISCUSSION
Early diagnosis and treatment of TB are essential elements of TB control programs [2] . Previous studies generally analyzed the diagnostic and treatment delays associated with pulmonary TB from the aspect of socioeconomic and health care systems [19] [20] [21] . The clinical and radiologic characteristics of patients Interval from mycobacterial test to initiation of anti-tuberculosis treatment, median (IQR) with pauci-bacillary pulmonary TB whose diagnosis and treatment are delayed have not previously been examined in detail, especially in immunocompromised patients. In this study, we found that the correct diagnosis of about half of the immunocompromised patients with pauci-bacillary pulmonary TB was missed until mycobacterial culture yielded positive results. The median diagnostic delay in the missed TB group was 30 days, 5 times longer than in the not-missed group. Transmission of TB to other patients during the period of diagnostic delay is a matter of concern [1] . Although smear-negative pulmonary TB is less infectious than smear-positive TB, pauci-bacillary pulmonary TB patients were found to be responsible for about 17% of all total TB transmissions [22] . Another study has shown that long-delayed diagnosis and treatment of pulmonary TB increase the severity of TB and the number of deaths [1] . Therefore, it is important to understand the clinical characteristics associated with diagnostic delay, as this could help clinicians to identify these patients early. We found that old age, solid organ transplants, and solid and hematologic malignancies were associated with missed TB, and that missed TB did not display typical CT findings of pulmonary TB.
In our study, rapid molecular tests, such as M. tuberculosis PCR or Xpert TB/RIF, were performed in 166 of 258 immunocompromised patients with pauci-bacillary pulmonary TB. M. tuberculosis PCR revealed positive results in 37 of 161 (23%) patients, and Xpert TB/RIF revealed positive results in 10 of 26 (38%) patients. Positive results of rapid molecular tests were only obtained in the not-missed TB group. The sensitivity of these tests in this study was lower than that previously reported [5, 6] . This could be explained by the fact that we only examined immunocompromised and smear-negative pulmonary TB patients. We also noted previously that the sensitivity of Xpert TB/RIF in BAL fluid in patients with extremely low pauci-bacillary TB was only 31% [23] . Therefore, early diagnosis of paucibacillary pulmonary TB relies heavily on CT findings. However, we showed above that the imaging findings in missed TB patients were less typical for pulmonary TB, and radiologic data were frequently misdiagnosed as pneumonia or metastases of other malignancies. 
Total 134
Abbreviations: LTBI, latent tuberculosis infection; NTM, nontuberculous mycobacterium; TB, tuberculosis. a These 11 patients did not receive empirical anti-TB therapy until the results of mycobacterial cultures were available because they had minimal symptoms or they were reluctant to start the treatment immediately due to side effects of drugs. Radiologic manifestations are known to differ according to immune status [8, 9] . Atypical radiologic findings of pulmonary TB are more common in immunocompromised patients than immunocompetent ones [24] , and as expected, we found that nonspecific CT findings were more common in the missed TB group. Further studies are needed of the possibility that the pathophysiology of extremely low pauci-bacillary TB in immunocompromised patients differs from that of standard TB. Our findings suggest that if a patient has clinical risk factors such as old age, solid organ transplants, or solid or hematologic malignancies, clinicians should keep in mind the possibility of TB even if there are no radiologic features suggestive of TB.
Our study has some limitations. First, it was retrospectively performed in a single large tertiary referral center running active A B clinical trials and employing the latest treatments for underlying diseases. Therefore, there could be a patient selection bias. Second, we could not separate diagnostic delay into patient delay and health care system delay [19] , because data about onset of symptoms and exact times of first contact with a health care provider were limited. Third, rapid molecular tests were not performed in over half of the missed TB patients, so there could be some unmeasured bias that skews the performance of such tests in these patients [11] . In our hospital, the Xpert TB/ RIF PCR test was introduced in August 2014, and this test has been conducted in selected patients with suspected tuberculosis due to the national insurance coverage criteria for this test (ie, suspected multidrug-resistant TB, life-threatening TB, and exposure to multidrug-resistant TB patients). Nevertheless, our findings do reflect real clinical practice in relation to suspicion of, and the delayed diagnosis of, TB in an intermediate-TB burden country. Fourth, only 1 patient with HIV was included in our study population. Therefore, our conclusions may not apply in countries with a high prevalence of HIV. Finally, we did not investigate other treatment outcomes, such as the time lag to isolate patients after admission to hospitals and additional exposure burden due to the delay of appropriate isolation. Further studies are needed to evaluate the clinical impact of delayed diagnosis and appropriate isolation of TB patients from other immunocompromised patients. Despite these limitations, our findings provide valuable evidence that clinicians can miss pauci-bacillary pulmonary TB in significant numbers of immunocompromised patients because they are frequently confronted with uncommon manifestations of pulmonary TB in countries with intermediate or high TB burden. It is worth noting that there were significant differences in further verification tests for TB, such as CT, IGRA, and requested respiratory specimen numbers between 2 groups, due to the different suspicion of TB by attending physicians. So, more liberal CT and IGRA tests with repeated respiratory specimen exams are warranted for the early diagnosis of TB in patients with suspicious TB. Furthermore, we find that the imaging findings in missed TB patients were less typical for pulmonary TB, and radiologic data were frequently misdiagnosed as pneumonia or metastases of other malignancies, which indicates that cautious interpretation is needed in this setting.
In conclusion, diagnosis and treatment of pauci-bacillary TB can be delayed until available mycobacterial culture results in about half of immunocompromised patients, especially in the elderly and those with solid organ transplants or hematologic or solid malignancies. Typical radiologic findings suggestive of pulmonary TB are less frequently encountered in missed TB patients. Therefore, care should be taken to differentiate pauci-bacillary TB, especially in immunocompromised patients with the mentioned risk factors. Therefore, before clinicians diagnose patients as having pneumonia or other malignancies of the lung, they need to consider the possibility of TB one more time. Routine evaluation for active TB with rapid molecular tests is needed in immunocompromised patients. Furthermore, additional rapid diagnostic tests to rule out pauci-bacillary TB are urgently needed.
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